We report on a search for the decay B 0 → ρ 0 ρ 0 and other charmless modes with a π + π − π + π − final state, including B 0 → ρ 0 π + π − , non-resonant B 0 → 4π ± , B 0 → ρ 0 f0(980), B 0 → f0(980)f0(980) and B 0 → f0(980)π + π − . These results are obtained from a data sample containing 657 million BB pairs collected with the Belle detector at the KEKB asymmetric-energy e + e − collider. We set an upper limit on B(B 0 → ρ 0 ρ 0 ) of 1.0 × 10 −6 at the 90% confidence level (C.L.). From our B 0 → ρ 0 ρ 0 measurement and an isospin analysis, we determine the Cabibbo-Kobayashi-Maskawa phase φ2 to be 91.7 ± 14.9 degrees. We find excesses in B 0 → ρ 0 π + π − and non-resonant B 0 → 4π ± with 1.3σ and 2.5σ significance, respectively. The corresponding branching fractions are less than 12.0 × 10 In the Standard Model (SM), CP violation in the weak interaction can be described by an irreducible complex phase in the three-generation Cabibbo-KobayashiMaskawa (CKM) quark-mixing matrix [1] . Measurements of the differences between B and B meson decays provide an opportunity to determine the elements of the CKM matrix and thus test the SM. One can extract the CKM phase φ 2 ≡ arg[−(V td V * tb )/(V ud V * ub )] from the timedependent CP asymmetry for the decay of a neutral B meson via a b → u process into a CP eigenstate. However, in addition to the b → u process, there are b → d penguin transitions that shift the φ 2 value by δφ 2 in the time-dependent CP violating parameter measurement. The shift δφ 2 can be determined from an isospin analysis [2] of B → ππ [3] or B → ρρ [4] decays, or from a timedependent Dalitz plot analysis of B → ρπ [5] decays.
For B → ρρ decays, polarization measurements in
show the dominance of longitudinal polarization, indicating that the final state in B → ρ + ρ − is very nearly a CP eigenstate. Measurements of the branching fraction, polarization and CPviolating parameters in B 0 → ρ 0 ρ 0 decays complete the isospin triangle. The tree contribution to B 0 → ρ 0 ρ 0 is color-suppressed, so its branching fraction is expected to be much smaller than that for B → ρ + ρ − or B ± → ρ ± ρ 0 . This also makes it especially sensitive to the penguin amplitude, and using the B 0 → ρ 0 ρ 0 branching fraction in an isospin analysis allows one to determine φ 2 free of uncertainty from penguin contributions.
Predictions for B 0 → ρ 0 ρ 0 using perturbative QCD (pQCD) [7] or QCD factorization [8, 9] approaches suggest that the branching fraction B(B 0 → ρ 0 ρ 0 ) is at or below 1 × 10 −6 , and that its longitudinal polarization fraction f L is around 0.85. A non-zero branching fraction for B 0 → ρ 0 ρ 0 has been reported by the BaBar collaboration [10, 11] ; they measured B(B 0 → ρ 0 ρ 0 ) = (0.92 ± 0.32 ± 0.14) × 10 −6 with a significance of 3.1 standard deviations (σ), and a longitudinal polarization fraction, f L = 0.75
−0.14 ± 0.05. They do not observe a non-
The theoretical prediction for the non-resonant B 0 → 4π ± branching fraction is around 1 × 10 −4 [12] . The most recent measurement of this decay was made by the DEL-PHI collaboration [13] , which sets a 90% C.L. upper limit on the branching fraction of 2.3 × 10 −4 . The data sample used in the analysis reported here contains 657 million BB pairs collected with the Belle detector at the KEKB asymmetric-energy e + e − (3.5 and 8 GeV) collider [14] , operating at the Υ(4S) resonance. The Belle detector [15, 16] is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector, a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron fluxreturn located outside of the coil is instrumented to detect K 0 L mesons and to identify muons. Signal Monte Carlo (MC) is generated with EVTGEN [17] , in which final-state radiation is taken into account with the PHO-TOS package [18] , and processed through a full detector simulation program based on GEANT3 [19] .
B 0 meson candidates are reconstructed from neutral combinations of four charged pions. Charged track candidates are required to have a distance-of-closest-approach to the interaction point (IP) of less than 2 cm in the direction along the the positron beam (z-axis) and less than 0.1 cm in the transverse plane; they are also required to have a transverse momentum p T > 0.1 GeV/c in the laboratory frame. Charged pions are identified using particle identification (PID) information obtained from the CDC (dE/dx), the ACC and the TOF. We distinguish charged kaons and pions using a likelihood ratio • . For such tracks the pion identification efficiency is 90%, and the kaon misidentification probability is 12%. Charged particles that are positively identified as an electron or a muon are removed.
To veto B → D ( * ) π and B → D s π backgrounds, we remove candidates that satisfy either of the conditions The signal event candidates are characterized by two kinematic variables: the beam-energy-constrained mass, M bc = E 2 beam − P 2 B , and the energy difference, ∆E = E B − E beam , where E beam is the run-dependent beam energy, and P B and E B are the momentum and energy of the B candidate in the Υ(4S) CM frame. In
, where the subscripts label the momentum ordering, i.e. π 
2 ) combination against the horizontal axis for events with an even (odd) event identification number, which is the location of the event in the data.
The dominant background comes from continuum e + e − →(q = u, d, c or s) events. To distinguish signal from the jet-like continuum background, we use modified Fox-Wolfram moments [20] , which are combined into a Fisher discriminant. This discriminant is combined with PDFs for the cosine of the B flight direction in the CM frame and the distance in the z-axis between two B mesons to form a likelihood ratio
is a likelihood function for signal (continuum) events that is obtained from the signal MC simulation (events in the sideband region M bc < 5.26 GeV/c
2 ). We also use a flavor tagging quality variable r provided by the Belle tagging algorithm [21] that identifies the flavor of the accompanying
decay. The variable r ranges from r = 0 for no flavor discrimination to r = 1 for unambiguous flavor assignment, and it is used to divide the data sample into six r bins. Since the discrimination between signal and continuum events depends on the r-bin, we impose different requirements on R for each r-bin. We determine the R requirement such that it maximizes a figure-of-merit N s / N s + N, where N s (N) is the expected number of signal (continuum) events in the signal region. For 22% of the events, there are multiple candidates; for these events we select the candidate with the smallest χ 2 value for the B 0 decay vertex reconstruction. This selects the correct combination 79.6% of the time. The detection efficiency for the signal is calculated by MC to be 9.16% (11.25%) for longitudinal (transverse) polarization. Since longitudinally polarized B 0 → ρ 0 ρ 0 decays produce low momentum pions from one or both ρ 0 's, their detection efficiency is lower than that for transversely polarized decays.
Since there are large overlaps between B 0 → ρ 0 ρ 0 and other signal decay modes in the
The signal yields are extracted by performing extended unbinned maximum likelihood (ML) fits. In the fits, we use
We define the likelihood function
where i is the event identifier, j indicates one of the event type categories for signals and backgrounds, n j denotes the yield of the j-th category, and P i j is the probability density function (PDF) for the j-th category. The PDFs are a product of two smoothed two-dimensional functions:
2 ) are obtained from MC simulations. For the M bc and ∆E PDFs, possible differences between real data and the MC modeling are calibrated using a large control sample of
The signal mode PDF is divided into two parts: one is correctly reconstructed events and the other is "self-cross-feed" (SCF), in which at least one track from the signal decay is replaced by one from the accompanying B meson decay. We use different PDFs for the correctly reconstructed and SCF events, and fix the SCF fraction to that from the MC simulation in the nominal fit.
For the continuum and charm B decay backgrounds, we use the product of a linear function for ∆E, an ARGUS function [22] for M bc and a two-dimensional smoothed function for 2 ) × 10 −6 , which is consistent with the assumed value. We fix the yield of B ± → ρ ± ρ 0 to that expected based on the world average branching fraction [6] , and we float the yield of other charmless B decays. Table I and Fig. 1 show the fit results and projections of the data onto ∆E,
where L 0 and L max are the values of the likelihood function when the signal yield is fixed to zero and allowed to vary, respectively. The 90% C.L. (C.L.) upper limit for the yield N is calculated from the equation
where x corresponds to the number of signal events. We include the systematic uncertainty into the upper limit (UL) by smearing the statistical likelihood function by a bifurcated Gaussian whose width is equal to the total systematic error. The significance including systematic uncertainties is calculated as before, except that we only include the additive systematic errors related to signal yield in the convoluted Gaussian width. The fractional systematic errors are summarized in Table II. For the systematic uncertainties due to the fixed 
We estimate a systematic uncertainty for the signal SCF by varying its fraction by ±50%.
An MC study indicates that the fit biases are +2.4
We find that fit biases occur due to the correlations between the two sets of variables (∆E, M bc ) and (M 1 , M 2 ), which are not taken into account in our fit. We correct the fit yields for these biases. To take into account possible differences between the MC simulation and data, we take both the magnitude of the bias corrections and the uncertainty in the corrections as systematic errors.
We study the possible interference between B 0 → a
0 → 4π ± using toy MC. We add a simple interference model to the toy MC generation, which is, for ρ 0 → π + π − decay, modified from a relativistic Breit-Wigner function to
where A and δ are the interfering amplitude and phase, and m 0 and Γ are the ρ 0 mass and width, respectively. We assume that the interference term due to the amplitudes for B 0 → a
Since the magnitude of the interfering amplitude and relative phase are not known, we uniformly vary these parameters and perform a fit in each case to measure the deviations from the incoherent case. We take the r.m.s. spread of the distribution of deviations as the systematic uncertainty due to interference.
The systematic errors for the efficiency arise from the tracking efficiency, particle identification (PID) and R requirement. The systematic error on the track-finding efficiency is estimated to be 1.2% per track using partially reconstructed D * events. The systematic error due to the pion identification (PID) is 1.0% per track as estimated using an inclusive D * control sample. The R requirement systematic error is determined from the efficiency difference between data and MC using a To constrain φ 2 using B → ρρ decays, we perform an isospin analysis [2, 25] • . In summary, we measure the branching fraction of B 0 → ρ 0 ρ 0 to be (0.4 ± 0.4
+0.2
−0.3 ) × 10 −6 with 1.0σ significance; the 90% C.L. upper limit including systematic uncertainties is B(B 0 → ρ 0 ρ 0 ) < 1.0 × 10 −6 . These values correspond to longitudinal polarization (f L = 1); the upper limit is conservative as the efficiency for f L = 1 is smaller than that for f L = 0. If we take f L = 0.85, the average of the theoretical predictions [7, 8] , the measured value becomes (0.3 ± 0.3) × 10 −6 (statistical error only). On the other hand, we find excesses in B 0 → ρ 0 π + π − and non-resonant B 0 → 4π ± decays with 1.3σ and 2.5σ significance, respectively. We measure the branching fraction and 90% C.L. upper limit for B 0 → ρ 0 π + π − decay to be (5. with a 90% C.L. upper limit of B(B 0 → 4π ± ) < 19.3 × 10 −6 . For these limits we assume the final state particles are distributed uniformly in three-and four-body Table I .
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